The light output of dipole source in three types of light-emitting diodes (LEDs), including the conventional planar LED, the nanorod LED, and the localized surface plasmon (LSP) assisted LED by inserting silver nanoparticles in the gaps between nanorods, was studied by use of two-dimensional finite difference time domain method. The height of nanorod and the size of silver nanoparticles were variables for discussion. Simulation results show that a large height of nanorod induces strong wavelength selectivity, which can be significantly enhanced by LSP. On condition that the height of nanorod is 400 nm, the diameter of silver nanoparticle is 100 nm, and the wavelength is 402.7 nm, the light-output efficiency for LSP assisted LED is enhanced by 190% or 541% as compared to the nanorod counterpart or the planar counterpart, respectively. The space distribution of Poynting vector was present to demonstrate the significant enhancement of light output at the resonant wavelength of LSP.
Introduction
High-efficiency GaN-based light-emitting diode (LED) has tremendous potential for general lighting. However, in conventional planar epilayers, the InGaN/GaN multiple quantum well (MQW) contains large strain, which would induce a high dislocation density and piezoelectric field, due to the mismatches in lattice constant and thermal expansion between heteroepitaxial layers. To mitigate the strain in MQWs, nanorod LEDs were proposed [1] . The active layer is composed of nanoscale rod array in nanorod LEDs instead of planar thin-film in conventional counterparts. A straightforward fabrication method for nanorod LEDs is to etch the planar epilayers with nanoscale patterned mask [2] [3] [4] [5] [6] [7] [8] [9] [10] . In these published literatures, most researchers focused on the strain relaxation processes, and few studies were involved in light-output enhancement. To improve the light output, the nanorod LED was annealed in a mixture of N 2 and NH 3 gases [2] . Moreover, the size of the nanorods [6] and the spatial occupation factor of the nanorod sidewall [7] , which was defined by the sidewall length over the unetched area of planar epilayer, should be carefully selected. As for the light extraction efficiency, after the alumina powders were spin-coated on the p-GaN layer as mask for etching of nanorod array, the residual alumina particles on the top of nanorods benefit the light extraction efficiency [10] .
Localized surface plasmon (LSP) has attracted much attention for the enhancement of light output in LEDs [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The LSP provides a fast energy transfer channel by coupling the excited dipole energy of MQWs into surface plasmon modes of noble metal particles and consequently enhances the spontaneous emission rate of MQWs, thereby improving the light output of LEDs. However, due to the exponential decay of the LSP evanescent field, the penetration depth of the LSP field into the GaN material is limited to be several tens of nanometers [21] . On the other hand, the p-GaN is generally thicker than 100 nm to maintain p-n junction. In order to place the metal particles within the fringing field of MQWs for effective MQW-LSP coupling, the metal particles were embedded into the n-GaN [11] [12] [13] or p-GaN [14] [15] [16] [17] layers. However, the epitaxial growth process must be interrupted for the fabrication of metal particles and the epilayers following the metal particles may exhibit poor crystal quality. Alternately, after the epitaxial wafer was completely finished, the p-GaN layer was partially etched; if the etching part is thinner enough, the LSP assisted light emission was significantly enhanced [18] [19] [20] . For the case of nanorod LEDs, the noble metal particles can be placed in the gaps between the nanorods without additional etching process. In this paper, the nanorod LEDs with the assistance of silver LSP are proposed, and the light output of dipole source in the planar LED, the nanorod LED, and the LSP assisted LED is studied by two-dimensional finite difference time domain (2D FDTD) method.
Materials and Methods
In order to clarify the effects of the nanorod array and the LSP, three types of LED chips shown in Figure 1 were simulated by 2D FDTD method. The first type is the conventional planar LED. The second type is the nanorod LED, in which the nanorod array was achieved by etching part of planar epilayers and filling SiO 2 in the gaps for passivation. The third one is the LSP assisted LED by inserting silver (Ag) nanoparticles in the gaps between nanorods. The width of the nanorods was set to be NR = 100 nm and the height, ℎ NR , was chosen as a variable. The spacing between the Ag nanoparticle and the surrounding SiO 2 sidewall was set to be 0 = 10 nm, as shown in Figure 1(d) . This can be realized by employing core-shell Ag/SiO 2 nanoparticles. The widths of gaps were set to be = Ag + 2 × 0 , where Ag is the diameter of Ag nanoparticles. In order to reduce the computation resource [22] , our model is only composed of four layers, including a 0.2 m thick p-GaN layer, a 2 m thick n-GaN layer, a 1 m thick sapphire substrate, and a perfect electrical conductor (PEC) layer. The MQW layer was simplified as the interface between the two types of GaN layers, and the electric point dipole was chosen as the source for spontaneous emission. The dipole source was placed at the middle of the horizontal axis of the chip, of which the width was set to be chip = 5.22 m and the nanorods were in symmetric distribution with regard to the dipole source. Due to the isotropic emission feature, two orthogonal orientations of dipole source shown in Figure 1 (d) were considered [22] . The mesh grids in the vicinity of the dipole source and the Ag nanoparticles were set to be 1 nm. The power monitor was placed at 0.45 m distance from the top surface of p-GaN layer. The perfect matched layer (PML) boundaries were used and the maximum simulation time was set to be a large value of 2 000 fs, while the simulation would automatically shut off early when the total energy within the simulation domain drops to 1 × 10 −8 of the maximum energy injected.
The material parameters used in our simulation were from experimental data [23, 24] . However, the discrete experimental data should be represented by a continuous function in FDTD simulation. Using the multicoefficient fitting algorithm [25] , the refractive indices of Ag [23] and GaN [24] in the wavelength range from 300 nm to 800 nm can be described by an analytic model, and the fitting curves are shown in Figures 2 and 3 . On the other hand, the refractive indices of sapphire and SiO 2 were constants of 1.78084 and 1.46665, respectively. Since the dipole-LSP coupling is strongly depending on the distance and the particle size, the ℎ NR varied from 100 nm to 500 nm with the interval of 100 nm, and the Ag varied from 20 nm to 200 nm with the interval of 20 nm. Because the chip was fixed while Ag varied, the number of nanorods, NR = 2 × floor{(1/2) chip /( NR + Ag + 2 0 )}, in each serial of simulation was also a variable, where floor{ } was the arithmetic operation to find the closest integer less than .
The minimal value of NR was calculated as 16 for Ag = 200 nm, while the maximum was 36 for Ag = 20 nm. Figure 4 shows the light-output efficiency, , which was defined by light-output power normalized to the source power. It is shown from the left column of figures, Figure 4(a) , that the for planar LEDs are always less than 17%. A high degree of coincidence of ( ) curves for various ℎ NR and Ag shows that the calculation errors coming from the different mesh grids can be ignored. Figure 4 (b) shown in the middle column are the results for nanorod LEDs. Generally, the increases as the Ag increases because of the larger surface area and reduced absorption of GaN material. On the condition of ℎ NR = 100 nm, all over the whole wavelength range for nanorod LEDs are higher than that for planar counterparts, which imply that the short nanorod does not induce strong resonance oscillation at specific wavelength and mainly provides scattering centers. However, if ℎ NR increases, the strong wavelength selectivity occurs. The fluctuates intensively and the fluctuation is expanded with the increasing of ℎ NR , Ag , and . The in the short wavelength range, e.x. from 400 nm to 470 nm, exhibits significant enhancement, especially in the case of Ag being 500 nm. The maximal value of for nanorod LED is 28.9%, which is enhanced by 108% compared to the planar counterpart, in the case of ℎ NR = 500 nm, Ag = 200 nm, and = 431.65 nm, as shown in Figure 5(a) . However, in specific domain of longer wavelength range, the is reduced as compared to the planar LED. For example, as shown in Figure 5(a) , in the case of ℎ NR = 500 nm and Ag = 20 nm, the for nanorod LED is less than that for planar LED in the wavelength range from 550.5 nm to 568.5 nm.
Results and Discussion
The results for LSP assisted LED are shown in Figure 4 (c) in the right column. On the condition of ℎ NR = 100 nm, the for LSP assisted LED are always lower than nanorod counterparts, except the case of Ag = 20nm. This can be ascribed to the competition of the absorption loss from Ag material and the scattering effect from Ag metal mirror. The absorption loss is always the dominant effect unless the particle size is small enough. If ℎ NR increases, the LSP takes effect and provides significant wavelength selectivity. With the increasing of ℎ NR from 200 nm to 500 nm, the significant enhancement of appears firstly in the long wavelength, e.x. nearby 610 nm, then in short wavelength, e.x. nearby 400 nm, and later in middle wavelength range, e.x. nearby 535 nm. The maximal value of for LSP assisted LED is 58.5%, which is enhanced by 190% compared to the nanorod counterpart, in the case of ℎ NR = 400 nm, Ag = 100 nm, and = 402.7 nm, as shown in Figure 5(b) . As compared to the planar counterpart, this is enhanced by 541%. Note that the maximum of shown in Figure 4 (c) and the maximal value of , which is the enhancement of , shown in Figure 5 (b) do not coincide. On the other hand, the suppressing of still exists. For example, as shown in Figure 5(b) , in the case of ℎ NR = 400 nm and Ag less than 120 nm, the for LSP assisted LED is less than that for planar LED in the wavelength range from 460 nm to 555 nm.
The was estimated by the average value of independent simulation results for each orientation of the dipole source shown in Figure 1 Figure 6 shows the magnitude of Poynting vector as the polarization of dipole source is along the horizontal direction. It is shown that the light energy is confined well in the planar LEDs at the two wavelengths. Two diffraction orders can be observed due to the planar structure. For the nanorod LEDs, most of the light energy is restricted in the nanorod. Due to the strong resonance oscillation at the wavelength of 402.7 nm, the light energy is much higher than that at the wavelength of 460 nm. In addition, lots of light energy leaks out of the nanorod downward to the n-GaN layer, but the light energy which escaped from the top surface is still limited. In the case of LSP assisted LEDs, the significant enhancement of light output is achieved at the resonant wavelength of 402.7 nm. Since the dipole source is placed above the Ag nanoparticles, the LSP is mainly located on the top surface of nanoparticles, and thus the lights generated from the LSP escape from the chip via the top surface; thereby the downward-leaking light energy is suppressed. For the detuning wavelength of 460 nm, the Ag nanoparticles do not produce the LSP but provide the reflective effects and surfer absorption loss; therefore, the light output at 460 nm for LSP assisted LED is less than that for nanorod LED.
As shown in Figure 7 , on condition that the polarization of dipole source is along the perpendicular direction, the results are similar to the horizontal-polarization case shown in Figure 6 . The light energy from the dipole source with perpendicular polarization expands widely toward left side and right side, and thus the confinement effects from the nanorod and the dipole-LSP coupling from the Ag nanoparticles are reduced. Consequently, the light output from the dipole source with perpendicular polarization is less than that with horizontal polarization.
Conclusion
In summary, the light output of dipole source which escaped from planar LED, nanorod LED, and LSP assisted LED is studied by use of 2D FDTD method. The maximal value of light-output efficiency for LSP assisted LED is enhanced by 190% or 541% as compared to the nanorod counterpart or the planar counterpart, respectively. The significant enhancement of light output at the resonant wavelength of LSP was demonstrated by the space distribution of Journal of Nanomaterials the Poynting vector. Although only the dipole-LSP coupling was considered in this paper, these results can be extended to the MQW-LSP coupling, since the MQW can be modeled by multiple electric dipole sources located in specific positions with orthogonal polarizations.
